We describe a variant of the quadrupole rf (Paul) 
I. INTRODUCTION In this paper we describe an ion trap apparatus capable of very strong confinement. Strong confinement is important in several applications. In optical atomic spectroscopy, strong confinement allows the attainment of the Lamb-Dicke condition whereby the extent of the atom's motion is less than A/2n, w.here A, is the wavelength of the exciting radiation [1] . Attainment of the LambDicke condition is important because it suppresses broadening due to the first-order Doppler effect, which, in harmonically bound atoms, takes the form of rnotioninduced sidebands [2 -5] . It also suppresses the fiuctuations of the "carrier" from measurement to measurement [6] . More recently, strong confinement has been suggested as a way to observe the effects of super and subradiance for two closely spaced atoms under well-controlled conditions [7] .Achievement of the Lamb-Dicke limit also suggests experiments on single-atom cavity QED and nonclassical atomic fluorescence features under controlled conditions [8, 9] .
With strong confinement, we should be able to achieve resolved sideband cooling [10, 11] using allowed electricdipole transitions. Previously, resolved sideband cooling has been achieved using weakly allowed optical transitions [11] . For resolved sideband cooling, we require that the trap is made deep enough that the atom oscillation frequencies ( For example, nominally quadrupolar electrodes with simple conical surfaces can be used [14] . "Planar" traps formed with holes in parallel plates [15, 16] or with conducting rings [16] simplify construction even further.
These electrodes have the advantage that they can be made small by using lithographic techniques [16] .
As multielectrode traps (such as the conventional quadrupole trap) become smaller, the relative electrode positions also become more difficult to maintain. One way to eliminate this problem is to keep either the ring or end-cap electrodes small and let the complementary electrode(s) recede to large distances. The Paul-Straubel or "ring" trap [17] is essentially a ring electrode with the end caps at large distances. This trap has been analyzed [16, 18, 19] and demonstrated for Ba+ ions [18] and In+ ions [19] . For line. This geometry would allow a direct current to be passed through the ring electrode to evaporate any contaminants on the trap ring [18] .
Uncontrolled static electric fields arising from contact potentials or charged patches can cause significant problems in miniature rf traps. These fields displace ions from the zero of the rf trapping fields, thereby leading to undesirable increases in the "micromotion" amplitudes [18] .
A common scheme for dealing with these problems is the introduction of "compensation electrodes, " which are used to cancel the stray electric fields in the trapping regions. We have included compensation electrodes, similar to those used by Nagourney [22] , in the manner shown in Fig. 1 . Static mdoA (2) where a; is a numerical constant for ion motion along the ith axis (i =x, y, z; see Fig. 1 ). In the case of a quadrupolar hyperbolic ion trap, the constant e; is -, ' for the x and y directions and 1 for the z direction. From these measurements, we can assign a trap efficiency factor e of about 0.9 for the axial (z) direction of this trap. This compares favorably with the efficiency factor of about 0.13 for the single-ring trap [18] and between 0.2 and 0.5 for the multiring trap [16] , or end cap trap [19] . We have constructed a similar but slightly sinaller trap (ro=0. 15 mm, zo 0. 10 [16, 18] The predicted motional frequencies for maximal misalignment differed by less than 5%%uo from the frequencies for the aligned case. This calculated shift is approximately the uncertainty introduced due to discretizing the trap on the finite mesh used. Therefore, it seems that small misalignments of the trap electrodes do not significantly alter the characteristics of the trap.
IV. CONCLUSIONS
This trap has demonstrated the highest secular frequencies for trapped ions reported to date and can be extended to even higher frequencies. Unlike some other designs, it retains the trapping efficiency of conventional hyperbolic quadrupolar designs, thereby allowing larger traps to be built to achieve a given secular frequency and thus relaxing dimensional tolerance requirements. Use of a coaxial-resonator-based design minimizes problems associated with high-voltage breakdown and facilitates the attainment of high values of the drive frequency Q.
